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which in many respects are similar to the mitotic divi-Irina Groisman, Mi-Young Jung,
sions of somatic cells (Sheets et al., 1994; Stebbins-Madathia Sarkissian, Quiping Cao,
Boaz et al., 1996). Oocytes are arrested at the end ofand Joel D. Richter1
prophase I, which resembles G2 of the somatic cellProgram in Molecular Medicine
cycle. When stimulated by progesterone, the oocytesUniversity of Massachusetts Medical School
synthesize cyclin B1, form active MPF, reenter the mei-Worcester, Massachusetts 01605
otic divisions (oocyte maturation), and progress to meta-
phase I (MI) (Swenson et al., 1986). A subsequent de-
crease in MPF activity is necessary for progression toSummary
anaphase I (AI), while a second increase then drives the
oocytes to metaphase II (Nebreda and Ferby, 2000).The synthesis and destruction of cyclin B drives mito-
During meiosis, the translational control of cyclin B1sis in eukaryotic cells. Cell cycle progression is also
and other mRNAs such as mos, cyclin A1, and cdk1 isregulated at the level of cyclin B translation. In cycling
regulated by cytoplasmic polyadenylation (Sheets et al.,extracts from Xenopus embryos, progression into M
1995; Stebbins-Boaz et al., 1996; de Moor and Richter,phase requires the polyadenylation-induced transla-
1997; reviewed by Richter, 2000; Wickens et al., 2000;tion of cyclin B1 mRNA. Polyadenylation is mediated
Mendez and Richter, 2001). When dormant in oocytes,by the phosphorylation of CPEB by Aurora, a kinase
these mRNAs contain short poly(A) tails, and it is onlywhose activity oscillates with the cell cycle. Exit from
when the tails are elongated during maturation thatM phase seems to require deadenylation and subse-
translation ensues. Polyadenylation in turn is regulatedquent translational silencing of cyclin B1 mRNA by
by two cis-acting sequences in the 3 untranslated re-Maskin, a CPEB and eIF4E binding factor, whose ex-
gions (UTRs) of responding mRNAs, the cytoplasmicpression is cell cycle regulated. These observations
polyadenylation element (CPE), which has the generalsuggest that regulated cyclin B1 mRNA translation is
structure of UUUUUAU, and the hexanucleotide AAUessential for the embryonic cell cycle. Mammalian
AAA (McGrew et al., 1989; Fox et al., 1989). CPEB, ancells also display a cell cycle-dependent cytoplasmic
RNA recognition motif (RRM) and zinc finger-containingpolyadenylation, suggesting that translational control
protein, binds the CPE (Hake and Richter, 1994; Hake etby polyadenylation might be a general feature of mito-
al., 1998), while cleavage and polyadenylation specificitysis in animal cells.
factor (CPSF) interacts with the AAUAAA (Dickson et al.,
1999). Polyadenylation is initiated by the phosphoryla-Introduction
tion of CPEB serine 174 by Aurora (Mendez et al., 2000a),
a protein kinase that is activated soon after oocytes areThe cell cycle is composed of an ordered series of
exposed to progesterone (Andresson and Ruderman,events that culminate in the production of two daughter
1998). Phospho-CPEB binds and recruits CPSF into acells. While progression through the cell cycle requires
stable polyadenylation complex, presumably by helpingthe activation of several proteins, the cyclins comprise
it associates with the AAUAAA (Mendez et al., 2000b).one group of essential regulatory factors. During the G1
By analogy with nuclear pre-mRNA polyadenylation, it(gap 1) phase, cyclins D and E bind to and act as cofac-
is CPSF that attracts poly(A) polymerase (PAP) to thetors for several cyclin-dependent kinases (cdks), which
end of the mRNA.in turn phosphorylate a number of substrates that facili-
The regulation of cyclin B1 mRNA translation by poly-
tate the entry of cells into S (DNA synthesis) phase. In
adenylation involves Maskin, a protein that associates
S phase, these G1 cyclins are destroyed and the cells
with both CPEB and the cap binding factor eIF4E (Steb-
progress to G2 (gap 2). During G2, accumulating cyclin bins-Boaz et al., 1999). Maskin contains a short amino
B binds and helps activate Cdk1, thus forming M phase- acid domain that resembles those present in eIF4G and
promoting factor (MPF), which phosphorylates a multi- other eIF4E binding proteins (eIF4EBPs) (Marcotrigiano
tude of substrates that stimulate entry into M phase et al., 1999; Gingras et al., 1999) and is necessary for the
(mitosis). Exit from M phase requires the recognition of Maskin-eIF4E association (Stebbins-Boaz et al., 1999).
cyclin B by the anaphase-promoting complex (APC), a The binding of Maskin to eIF4E precludes the binding
large admixture of factors that target the protein for of eIF4G to eIF4E, thereby preventing eIF4F formation,
destruction. Once cyclin B levels are sufficiently re- the assembly of the 48S initiation complex, and transla-
duced, the cells progress to G1 and the beginning of tion (Stebbins-Boaz et al., 1999; Q. Cao and J.D. Richter,
another cycle (King et al., 1996). submitted; Mendez and Richter, 2001). When the mRNA
While APC-mediated destruction is a major factor poly(A) tails are elongated during maturation, poly(A)
contributing to the oscillation of cyclin B during the cell binding protein (PABP) binds to them as well as to eIF4G
cycle, recent evidence suggests that translational con- (Q. Cao and J.D. Richter, submitted; Tarun and Sachs,
trol of cyclin B1 mRNA might also play an essential role. 1996; Wakiyama et al., 2000). The PABP-eIF4G complex
For example, regulated cyclin B1 mRNA translation is subsequently displaces Maskin from eIF4E and cor-
critical for the meiotic divisions of Xenopus oocytes, rectly positions the 40S ribosomal subunit on the 5 end
of the mRNA for translation initiation (Q. Cao and J.D.
Richter, submitted).1 Correspondence: joel.richter@umassmed.edu
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Figure 1. Cell Cycle-Dependent Changes in Poly(A) Tail Length
(A) Sequences of the wild-type (wt) cyclin B1 3 UTR and a cyclin B1 3 UTR with mutated cytoplasmic polyadenylation elements (CPEs). The
CPEs and mutated sequences are underlined, and the polyadenylation hexanucleotide elements are circled.
(B) Aliquots of cycling extracts derived from activated Xenopus eggs were taken at 10 min intervals and immediately frozen. When all the
aliquots assembled, they were thawed and supplemented with the 32P-labeled cyclin B1 3 UTRs noted in (A). Following a 20 min incubation,
the RNA was extracted and analyzed for polyadenylation on a denaturing polyacrylamide gel. Each aliquot was also examined for cyclin B1
accumulation by Western blotting and for MPF activity by histone H1 phosphorylation. Demembranated Xenopus sperm DNA was also added
to the extract at the beginning of the cycling incubation period, and the morphology of this DNA in selected aliquots was examined by DAPI
staining and fluorescence microscopy. The Multi-Analyst program was used to quantify RNA polyadenylation and cyclin B1 accumulation.
(C) 32P-labeled synthetic cyclin B1 3 UTRs, containing or lacking the CPEs, were posttranscriptionally appended with poly(A) tails up to 100
nucleotides in length and were added to aliquots of cycling extracts as described above. Following a further 20 min incubation, the RNA was
extracted and analyzed as described above. For comparison, a CPE-containing cyclin B1 3 UTR that did not contain a poly(A) tail prior to
addition to the extract was analyzed in an identical manner (pA). The phase of the cell cycle was determined by a cyclin B1 Western and
by MPF activity, and polyadenylation was quantified as described above.
(D) Sequences and salient features of the 3 UTRs of cyclins A1 and B2 and wee1.
(E) Aliquots of cycling extracts at S and M phases, as determined by H1 kinase activity and cyclin B1 accumulation, were tested for
polyadenylation of the 3 UTRs noted in (D). Western blots were also probed for cyclins A1 and B2 and for wee1.
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Following the activation of MPF during oocyte matura- B1 RNA or an identical RNA that had mutations in the
CPEs and were examined for polyadenylation (Figurestion, CPEB undergoes a second round of phosphoryla-
tion that leads to the destruction of 80%–90% of the 1A and 1B). Cyclin B1 3 UTR polyadenylation oscillated
with the cell cycle, peaking at 10–20 min and 60–70protein (Mendez et al., 2002). The CPEB that remains
stable is localized mostly to the animal pole of the ma- min of incubation, which corresponded to M phase as
demonstrated by high cyclin B1 protein levels, high MPFture oocyte and also to animal pole blastomeres in the
developing embryo. Within these blastomeres, CPEB as activity, and condensed chromatin. The RNA without a
CPE was not polyadenylated at any time.well as Maskin is concentrated on spindles and centro-
somes (Groisman et al., 2000). The CPE-containing To determine whether cyclin B1 RNA also undergoes
cell cycle-dependent deadenylation, cycling extractsRNAs cyclin B1 and Xbub3 are also localized to the
mitotic apparatus. The injection of CPEB and Maskin were supplemented with the same RNAs that had first
been appended with a 150 nucleotide poly(A) tail inantibodies into embryos inhibits cell division as well as
cyclin B1 synthesis. While having no affect on cyclin B1 vitro. Figure 1C demonstrates that while there was little
deadenylation activity during the first M phase (top gel,mRNA translation, a CPEB mutant protein that lacks a
small microtubule binding domain disrupts cyclin B1 10–20 min), there was robust polyadenylation activity at
that time (third gel). However, during the M phase to SmRNA and protein localization on the mitotic apparatus
and impedes cell division. These data suggest that not phase transition as well as during S phase itself (30–60
min), there was strong deadenylation activity (top gel)only is cyclin B1 mRNA under CPEB-mediated transla-
tional control in embryos, but that this control is neces- but no poly(A) addition activity (third gel). During reentry
into a second M phase (70–80 min), deadenylation wassary for cell division.
To examine the role of polyadenylation, CPEB, and inhibited while polyadenylation began (top and third
gels). The CPE-lacking RNA deadenylated at all phasesMaskin in the cell cycle, we employed extracts derived
from Xenopus eggs that undergo cell cycle progression (second gel). Cyclin B1 levels (fourth gel) and H1 kinase
activity (fifth gel) served as markers for the cell cycle.in response to calcium ionophore (Murray and Kirschner,
1989; Murray et al., 1989). We find that the polyadenyla- These data demonstrate that cyclin B1 RNA undergoes
polyadenylation during M phase and deadenylation dur-tion of cyclin B RNA is cell cycle regulated; it is low in
S phase but robust at M phase. Deadenylation of this ing S phase (Figure 1C, graph).
To determine whether cyclin B1 mRNA is unique inRNA is also cell cycle controlled, but it is reciprocal to
that observed for polyadenylation. Addition of CPEB its polyadenylation behavior during the cell cycle, we
analyzed three additional CPE-containing mRNAs (Fig-antibody to the extracts prevents polyadenylation, inhib-
its cyclin B1 accumulation, and blocks cell cycling at S ure 1D). Cyclin A1 RNA underwent polyadenylation dur-
ing M phase, which correlated with the highest level ofphase. Maskin antibody, on the other hand, keeps cyclin
B1 levels high and blocks cycling at M phase. While cyclin A1 protein (Figure 1E). Cyclin B2 mRNA was also
polyadenylated at M phase, but very weakly, whichCPEB levels do not change during the cell cycle, CPEB
serine 174 phosphorylation occurs only at M phase, nonetheless was coincident with the highest level of
cyclin B2 protein. Wee1 RNA never underwent any poly-suggesting that Aurora activity or levels is also under
cell cycle control. Moreover, Maskin accumulates at S adenylation, nor did wee1 protein levels oscillate with
the cell cycle (Figure 1E). Although all of these RNAsphase, which is important for inhibiting cyclin B1 mRNA
translation at this time. Importantly, both endogenous undergo polyadenylation during oocyte maturation, they
do so with widely varying efficiencies; e.g., cyclin B1and exogenous cyclin B1 proteins are synthesized ro-
bustly at M phase but inefficiently at S phase. These RNA polyadenylation is robust, whereas cyclin B2 RNA
polyadenylation is weak (Sheets et al., 1994; Stebbins-data not only demonstrate that cyclin B1 mRNA is under
CPEB- and Maskin-mediated translational control dur- Boaz et al., 1996). This variability of polyadenylation is
unclear, but perhaps it is related to the context of theing the cell cycle, but that this regulation is necessary
for cell cycle progression. Finally, CPE-dependent cyto- CPE within the 3 UTR. These data demonstrate that
cyclin B1 RNA is not unique in undergoing cell cycle-plasmic polyadenylation in the MCF-7 mammalian cell
line occurs predominantly at M phase, suggesting a dependent polyadenylation.
broader role for this posttransciptional process in cell
proliferation. CPEB and Maskin Control Cyclin B1 Accumulation
and Cell Cycle Progression
The requirement for the CPE in cell cycle-dependentResults
polyadenylation and deadenylation suggests that CPEB
is a critical factor involved in this process. To assessCytoplasmic Polyadenylation during
the Cell Cycle this possibility, affinity-purified CPEB antibody, which
neutralizes CPEB-dependent cytoplasmic polyadenyla-Xenopus eggs arrested at MII of meiosis were induced
to undergo mitotic cycling by the addition of calcium tion (Stebbins-Boaz et al., 1996), was added to extracts
at the beginning of a 100 min incubation period (Figureionophore A23187 (Murray, 1991). Aliquots were taken
from the extracts at 10 min intervals and analyzed for 2A). Compared to nonspecific IgG, which had little effect
on polyadenylation, cyclin B1 accumulation, MPF activ-cyclin B1 accumulation by Western blotting, for MPF
activity by phosphorylation of histone H1, and for chro- ity, or chromosome condensation, CPEB antibody pre-
vented entry into a second M phase (as assessed bymatin condensation by DAPI staining of added demem-
branated sperm DNA. The aliquots were also incubated the parameters noted above) as well as cyclin RNA poly-
adenylation. These data indicate that CPEB activity isfor 20 min with 32P-labeled 3 UTRs derived from cyclin
Cell
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Figure 2. CPEB and Maskin Are Essential for Cell Cycle Progression
(A) Affinity-purified CPEB antibody (0.2 mg/ml) or nonspecific rabbit IgG (0.2 mg/ml), as well as demembranated sperm DNA, was added to
an extract at the beginning of the cycling incubation period. Aliquots were then taken at 10 min intervals and primed with 32P-labeled wild-
type cyclin B1 3 UTR. Following a further 20 min incubation, RNA polyadenylation, cyclin B1 accumulation, MPF activity (i.e., H1 kinase
activity), and chromatin morphology (sperm nucleus) were analyzed as described in Figure 1.
(B) Extracts were either untreated or supplemented with nonspecific IgG (0.2 mg/ml) or affinity pure Maskin antibody (0.2 mg/ml), as well as
demembranated sperm DNA, at the beginning of the cycling period. Aliquots taken at 10 min intervals were analyzed for cyclin B1 accumulation,
MPF activity, cyclin B1 3 UTR polyadenylation, or chromatin morphology as described in Figure 1.
necessary for polyadenylation and for cell cycle progres- cyclin B1 RNA was polyadenylated in Maskin antibody-
treated extracts (gel group 3). Therefore, Maskin acts insion from S phase into M phase.
When injected into oocytes, CPEB antibody inhibits a reciprocal manner to that of CPEB in that it is neces-
sary for the transition from M phase into S phase.progesterone-induced cyclin B1 mRNA translation
(Stebbins-Boaz et al., 1996), while Maskin antibody acti-
vates translation without progesterone (Q. Cao and J.D. Maskin Accumulation Is Cell Cycle Regulated
We next examined the amounts of CPEB and Maskin inRichter, submitted). On the other hand, both antibodies
prevent cell division when injected into embryos, al- a cycling extract. While CPEB levels did not change,
Maskin oscillated with the cell cycle; it was lowest at Mthough the phase of the cell cycle at which the antibod-
ies exert their effects is not known (Groisman et al., phase and highest at S phase, i.e., reciprocal to that of
cyclin B1 (Figure 3A). This observation suggests that2000). To investigate when Maskin activity is required
for cell cycle progression, an extract was supplemented Maskin synthesis might be necessary to transition from
M phase into S phase. To assess this hypothesis, wewith affinity-purified Maskin antibody at the beginning
of the cycling incubation period (Figure 2B). While IgG used an antisense oligonucleotide complementary to a
region of Maskin mRNA that contains the initiation co-had little effect on cell cycling (gel groups 1 and 2),
Maskin antibody arrested the cell cycle at M phase as don. The oligonucleotide also contained a morpholino
modification, which inhibits translation by obstructingshown by constantly high cyclin B1 and MPF levels as
well as condensed chromatin (gel group 3). As expected, the formation of the initiation complex and/or the pas-
Translation and the Cell Cycle
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mRNA might be under translational control during the
cell cycle.
Aurora-Catalyzed CPEB Phosphorylation Regulates
Polyadenylation during the Cell Cycle
Polyadenylation oscillates with the cell cycle in the ab-
sence of any obvious change in the steady-state level
of CPEB, suggesting that an upstream event might me-
diate CPEB activity during M phase. We therefore fo-
cused on CPEB serine 174, a residue whose phosphory-
lation by Aurora is essential for polyadenylation during
oocyte maturation (Mendez et al., 2000). Extracts were
treated with E. coli-expressed cyclin B1 90, a nonde-
structable cyclin that blocks cells at M phase (Murray
et al., 1989), or with aphidicolin, which blocks cells at
S phase (Hinchcliffe and Sluder, 2001). This regimen
was necessary to obtain sufficient amounts of phased
extracts to perform the appropriate kinase assays. The
extracts were incubated with E. coli-expressed CPEB
as well as [-32P]ATP, which was followed by phospho-
protein or phospho-peptide analysis. Figure 4A demon-
strates that CPEB was phosphorylated in M phase ex-
tracts but not to any appreciable extent in S phase
extracts. Partially purified recombinant Aurora kinase
also phosphorylated CPEB (Figure 4A). To examine ser-
ine 174, labeled CPEB was digested with trypsin, and
the resulting phospho-peptides were mapped in two
dimensions (Figure 4B). CPEB was phosphorylated at
several sites, most of which were probably due to MPF,
which do not stimulate polyadenylation (Mendez et al.,
2000a, 2002). However, one phospho-peptide (arrow)
migrated with a similar mobility as a phospho-peptide
that resulted from the in vitro phosphorylation of CPEB
by recombinant Aurora (Figure 4B; see below and Men-
dez et al., 2000a). To confirm the identity of this phos-
pho-peptide, a CPEB protein containing a ser174ala mu-
tation was added to the extract, which was processed
in an identical manner to that described above. ThisFigure 3. Accumulation of Maskin in S Phase Mediates Cyclin B1
phospho-peptide was not detected when the mutatedLevels and Cell Cycle Progression
CPEB was use as the substrate (Figure 4B), demonstrat-(A) Western blot analysis and quantification of cyclin B1, Maskin,
ing that the critical serine 174 is phosphorylated duringand CPEB throughout the cell cycle.
(B) A Maskin RNA antisense oligonucleotide (0.2 mM) containing M phase. In addition, this phospho-peptide was not
morpholino substitutions for enhanced stability and reduced toxicity detected when the kinase was recombinant Aurora (Fig-
was added to extracts at the initiation of the cycling incubation. ure 4B). Thus, CPEB serine 174 is phosphorylated at M
Morpholino-containing antisense oligonucleotides are thought to
phase. When CPEB was added to S phase extracts andblock translation initiation and/or ribosome scanning of the mRNA
processed for phospho-peptide mapping, no phospho-and do not induce RNase H activity that destroys the RNA portion
peptides, including the one containing ser174, were de-of an RNA-DNA hybrid. A control antisense morpholino-containing
oligonucleotide (0.2 mM) was also added to extracts in parallel. tected. Therefore, CPEB serine 174 phosphorylation oc-
Aliquots were taken every 10 min and analyzed for Maskin and cyclin curs at M phase but not at S phase.
B1 accumulation by Western blotting and for MPF activity by the To assess the function of this phosphorylation, we
H1 kinase assay.
employed a peptide derived from CPEB that contains
the motif LDS174R, which is the phosphorylation recogni-
tion sequence for Aurora (Mendez et al., 2000a). This
sage of the ribosome along the mRNA. This oligonucleo- peptide is a competitive substrate for CPEB phosphory-
tide inhibited Maskin accumulation and held the extract lation by Aurora in vitro and inhibits polyadenylation
in M phase as assessed by the maintenance of high and meiotic progression in vivo (Mendez et al., 2000;
MPF activity and cyclin B1 levels (Figure 3B, bottom Hodgman et al., 2001). When added to an extract at the
three gels); a nonspecific oligonucleotide had little effect beginning of the cycling incubation, this peptide had no
(Figure 3B). These results not only support the data in effect on cyclin B1 levels or MPF activity at the first M
Figure 2B demonstrating that Maskin antibody arrests phase or the transition into S phase, but it blocked entry
the cell cycle in M phase, but they further show that into a second M phase (Figure 4C, compare control
Maskin synthesis is necessary to transition from M peptide and LDSR peptide). Moreover, similar cell cycle
defects were observed when a CPEB protein containingphase to S phase. These results also imply that Maskin
Cell
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Figure 4. Phosphorylation of CPEB Serine 174 Occurs at M Phase and Mediates Cell Cycle Progression
(A) Recombinant histidine-tagged CPEB was phosphorylated in vitro with [32-P]ATP and partially purified recombinant Xenopus Aurora
(xAurora). In addition, extracts arrested at S phase by aphidicolin (5 g/ml) and at M phase by recombinant cyclin B1 90, a nondestructable
form of the protein, were used as the kinase source to phosphorylate recombinant CPEB (Mendez et al., 2000a). The CPEB proteins were
then analyzed by SDS-PAGE and stained with Coomassie blue (top) and autoradiographed to assess 32P incorporation (bottom).
(B) Recombinant CPEB containing the normal serine at position 174, or one with an alanine for serine substitution at that position, was
phosphorylated in vitro with recombinant Xenopus Aurora and then analyzed by two-dimensional phospho-peptide mapping following trypsin
digestion. The arrow denotes a tryptic peptide containing phospho-serine 174, which was not apparent when the ser174ala CPEB protein
was used as the substrate. CPEB ser174 and ser174ala proteins phosphorylated by M phase extracts have complicated but nearly identical
patterns of tryptic phospho-peptides; most of the phospho-peptides were the result of MPF-catalyzed phosphorylation (Mendez et al., 2000a).
However, one phospho-peptide was present only when CPEB ser174 was the substrate (arrow) and thus corresponds to the Aurora recognition
sequence LDSR. In S phase extracts, very few phospho-peptides were observed (exposure time was identical to M phase extracts). Most
importantly, an LSDR-containing phospho-peptide was not detected. The directions of the thin-layer chromatographic (TLC) and thin-layer
electrophoretic (TLE) migrations are indicated.
(C) Peptides (1 mM) containing the LDSR Aurora recognition sequence or an irrelevant sequence were added to extracts (1/20 of the final
volume) at the beginning of the cycling incubation period. Aliquots were then taken at 10 min intervals and analyzed for cyclin B1 accumulation
and MPF activity. Control extracts or extracts supplements with an E. coli-expressed CPEB variant containing a ser174ala mutation were
analyzed for cell cycle progression as noted above.
(D) Wild-type or variant (ser174ala) CPEB proteins were added to Maskin antibody-arrested M phase extracts and subjected to 2D phospho-
peptide mapping as in (B). The arrow denotes the phospho-peptide containing ser174.
a ser174ala mutation was added to the extract (Figure some cases, with the proteasome inhibitor MG132 to
4C); this mutant CPEB is not phosporylated by Aurora eliminate cyclin destruction. Following 30 min of incuba-
and inhibits progesterone-induced polyadenylation and tion, cyclin B1 was immunoprecipitated and analyzed
oocyte maturation (Mendez et al., 2000a). These data by SDS-PAGE. Figure 5A shows that cyclin B1 was syn-
demonstrate that CPEB serine 174 phosphorylation not thesized at about a 5-fold greater rate in M phase ex-
only oscillates with the cell cycle, it is necessary for S tracts compared to the S phase extracts. The protea-
phase to M phase progression. some inhibitor had little effect on labeled cyclin B1
Finally, we assessed the phosphorylation of CPEB accumulation over the course of the incubation even
in extracts supplemented with Maskin antibody, which though it blocked cyclin B1 destruction (Figure 5A).
inhibits cycling at M phase (Figure 2B). Figure 4D shows Given that cyclin B1 RNA polyadenylation and cyclin
that, as expected, CPEB serine 174 remains phosphory- B1 protein synthesis occur mostly at M phase, it seemed
lated under such conditions. likely that polyadenylation drives translation at this time.
To examine whether polyadenylation induces cell cycle-
dependent translation, CAT reporter RNAs containingCell Cycle Progression Is Controlled by Cyclin B1
or lacking the cyclin B1 3 UTR were synthesized in vitromRNA Translation
and added to aliquots taken from cycling extracts at 10To determine whether cyclin B1 is differentially synthe-
min intervals. This was followed by a 45 min incubationsized during the cell cycle, S phase and M phase ex-
tracts were primed with 35S-labeled methionine and, in before CAT assays were performed. Figure 5B demon-
Translation and the Cell Cycle
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Figure 5. The CPE-Containing 3 UTR of Cyclin B1 RNA Mediates Embryonic Cell Cycle Progression
(A) 35S-labeled methionine was added to extracts arrested at S phase by aphidicolin (5 g/ml) or at M phase by recombinant cyclin B1 mutant
90, a nondestructable form of the protein. Some of the extracts were also supplemented with a proteasome inhibitor (1 mM Mg132 in 10%
DMSO, 5% by volume) or vehicle only. After 30 min of incubation at room temperature, cyclin B1 was immunoprecipitated and analyzed by
SDS-PAGE and autoradiography. MPF activity was also examined in these extracts (H1 kinase activity). Extracts supplemented with the Mg132
proteasome inhibitor () or vehicle only () were assayed every 10 min for cyclin B1 levels by Western blots.
(B) CAT reporter RNAs containing or lacking the cyclin B1 3 UTR were added to aliquots of cycling extracts. After 45 min of incubation at
room temperature, CAT assays were performed. The same aliquots were Western blotted to detect endogenous cyclin B1 as well as tubulin
accumulation.
(C) Freshly prepared cell cycle extracts were treated first with RNase A followed by RNasin and then supplemented with various concentrations
of in vitro synthesized cyclin B1 mRNA that contained or lacked the CPE-containing 3 UTR. Aliquots were then taken at 10 min intervals,
and the accumulation of cyclin B1 was monitored by Western blotting and MPF by the H1 kinase assay.
strates that when expressed as the ratio of CAT activity 5). These data show that the CPE-containing cyclin B1
3 UTR stimulates mRNA translation that drives the cellderived from the RNA containing versus lacking the 3
UTR, translation of the reporter was cell cycle regulated cycle into M phase.
and was most robust at M phase, closely paralleling
that of endogenous cyclin B1 (Western blot below histo- M Phase-Associated CPE-Dependent
Polyadenylation in Xenopus Embryosgram). Immunostaining for tubulin served as a gel-load-
ing control. The 3 UTRs appended to the CAT RNA and Mammalian Somatic Cells
To assess whether the cell cycle-dependent polyadenyl-were the same as those shown in Figure 1, which indi-
cates that only the reporter with the cyclin B1 3 UTR ation we observed in vitro also occurs in vivo, we in-
jected fertilized eggs with the cyclin 3 UTRs, collectedunderwent polyadenylation. These data show that the
cyclin B1 3UTR confers a cell cycle-dependent transla- embryos every 10 min thereafter, and examined poly-
adenylation as noted previously (Figure 6A). Polyadeny-tion that peaks at M phase.
The effect of CPE-dependent cyclin B1 mRNA transla- lation was detected 20–30 and 70–80 min after injection,
which correlated with high H1 kinase activity. Thesetion on the cell cycle was also investigated. Extracts
were treated with RNase A that was subsequently inacti- data thus confirm the results obtained with the cycling
extract.vated by RNasin (Murray and Kirschner, 1989). Several
concentrations of cyclin B1 mRNA containing or lacking Finally, we determined whether CPE-dependent cyto-
plasmic polyadenylation occurs at M phase in mamma-a 3 UTR with the CPEs were added; cyclin B1 protein
and MPF activity were then analyzed (Figure 5C). While lian cells. MCF7 cells (a human breast cancer cell line)
synchronized at G0 by serum starvation, at S phase bythe RNase treatment eliminated most of the endogenous
cyclin B1 protein in the extract (top graph), exogenous double thymidine block, and in M phase by nocadazol
treatment were monitored by flow cytometry (Figure 6B)cyclin B1 mRNA containing the CPEs restored cyclin B1
accumulation (graphs 2–4). The RNA lacking the 3 UTR (the G0 fraction also contained cells in G1; the M fraction
also contained cells in G2). The cells were used to pre-did not support cyclin B1 accumulation to a significant
extent even at the highest concentration (5 g/ml). pare cytoplasmic extracts, which contained low or un-
detectable amounts of the nuclear proteins TBP andCyclin B1 mRNA with the 3 UTR also restored MPF
activity to the extract while the control RNA was unable SP1, respectively (data not shown), and were supple-
mented with the cyclin B1 3 UTR containing or lackingto do so at comparable concentration (Figure 5C, graph
Cell
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plasmic polyadenylation. Polyadenylation, through po-
ly(A) binding protein, destabilizes the Maskin-eIF4E
complex, leading to the association of eIF4G with eIF4E,
the translation of cyclin B1 mRNA, the accumulation of
cyclin B1 protein, and entry into M phase. Exit from M
phase requires not only APC-targeted cyclin B1 destruc-
tion, but possibly also the inactivation and/or destruc-
tion of Aurora, the dephosphorylation of CPEB serine
174, and cyclin B1 mRNA deadenylation. The deadeny-
lation and subsequent loss of poly(A) binding protein
would theoretically then allow Maskin to reassociate
with eIF4E and silence cyclin B1 mRNA.
This proposition brings up a number of issues that
should be considered. First, Evans et al. (1983) showed
by pulse labeling that cyclin synthesis occurs at a fairly
constant rate following fertilization in the sea urchin.
While our data are not consistent with these earlier re-
sults, we note that it is presently unclear whether sea
urchin cyclin RNA undergoes CPE-dependent cyto-
plasmic polyadenylation.
Second, while general translation rates are low as
mammalian cells enter mitosis (Fan and Penman, 1970),
some specific mRNAs are translated robustly at this
time. For example, the translation of ornithine decarbox-
ylase (ODC) mRNA, which encodes the rate-limiting en-
zyme for the biosynthesis of polyamines, peaks twice
Figure 6. CPE-Mediated Polyadenylation in M Phase in Xenopus
during the cell cycle, at G1/S and G2/M (Pyronnet et al.,Embryos and in MCF7 Cells
2000). The mRNA encoding the 58 kDa form of PITSLRE,(A) One-cell embryos injected with radiolabeled cyclin B1 3 UTR
a protein kinase that is related to the cdks, is also trans-were collected at 10 min intervals and used for RNA extraction and
lated mostly at the G2/M interface (Cornelis et al., 2000).polyadenylation analysis, as well as for H1 kinase activity. The first
cell division occurred 20–30 min after the injection, while the second The translation of these two mRNAs is mediated by
division took place 20–30 min after the first. internal ribosome entry sites (IRES), which circumvent
(B) MCF7 cells (a human breast cancer cell line) were synchronized an apparent general block to cap-dependent translation
in G0/G1 stage by serum starvation, in S phase by double thymidine that occurs at mitosis. This block is controlled by
block, and in G2/M by nocadazole treatment. The efficiencies of
eIF4EBP1, which in its hypophosphorylated state duringthe synchronization procedures were monitored by flow cytometry
mitosis is tightly bound to eIF4E, thus preventing the(bottom). Cytoplasmic extracts prepared from cells arrested primar-
eIF4G-requiring assembly of the translation initiationily at these phases of the cell cycle were supplemented with the
CPE-containing and CPE-lacking cyclin B1 3 UTRs used in Figure complex (Pyronnet et al., 2001). During the entry into M
1 and incubated for 60 min. The RNA was then extracted and ana- phase in maturing Xenopus oocytes and dividing embry-
lyzed for polyadenylation. onic cells, cyclin B1 mRNA translation is regulated by
cytoplasmic polyadenylation, which, through polyade-
nylation and poly(A) binding protein, modulates the in-
the CPE. Figure 6B shows that the CPE-containing RNA teraction between Maskin and eIF4E (de Moor and Rich-
was polyadenylated mostly in M phase and in G0, while ter, 1999; Stebbins-Boaz et al., 1999; Q. Cao and J.D.
the CPE-lacking RNA was mostly polyadenylated only Richter, submitted). Maskin-mediated repression and
at G0. These data indicate that cell cycle-dependent activation of cyclin B1 mRNA therefore occurs indepen-
polyadenylation might be a general feature of eukaryotic dently of eIF4EBP1, and consequently this and presum-
cells. ably other CPE-containing mRNAs escape the general
block to translation at M phase.
Discussion Third, as cells enter M phase, poly(A) polymerase
(PAP) becomes multiply phosphorylated by MPF and,
The main findings of this study are (1) cyclin B1 RNA as a consequence, inactivated (Colgan et al., 1996). On
polyadenylation and deadenylation cycle with the em- the other hand, polyadenylation clearly takes place as
bryonic cell cycle, (2) Aurora-catalyzed phosphorylation oocytes mature and enter M phase (Fox et al., 1989;
of CPEB is necessary for cyclin B1 RNA polyadenyla- McGrew et al., 1989) and as extracts cycle into M phase
tion-induced translation and entry into M phase, (3) (this study). These seemingly paradoxical results sug-
Maskin oscillates with the cell cycle and is necessary gest that cytoplasmic polyadenylation might be cata-
to inactivate cyclin B1 mRNA translation and transition lyzed by a unique form of PAP that does not become
into S phase, and (4) CPE-mediated cytoplasmic polyad- inactivated as cells enter M phase. In this regard, it is
enylation takes place at M phase in mammalian somatic worth noting that while many cells, including oocytes,
cells. These results suggest a sequence of events that contain multiple forms of poly(A) polymerase (PAP) (Bal-
is necessary for cell cycle progression in Xenopus em- lantyne et al., 1995; Gebauer and Richter, 1995; Zhao
bryos (Figure 7). As cells transition out of S phase, Aurora and Manley, 1996), the main inactivating MPF phosphor-
phosphorylates CPEB serine 174, which results in CPSF ylation sites as well as the nuclear localization signal
are lacking in one of them (Gebauer and Richter, 1995).and PAP recruitment to cyclin B1 mRNA and cyto-
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Figure 7. Model for Translational Control of
Cyclin B mRNA during the Embryonic Cell
Cycle
At S phase, the configuration of CPEB,
Maskin, and eIF4E on the CPE prevent eIF4G
from binding eIF4E, thus repressing transla-
tion. CPSF may be loosely associated with
the AAUAAA at this time. As cells enter M
phase, Aurora phosphorylates CPEB serine
174, an event that causes CPEB to bind and
recruit CPSF and, in turn, poly(A) polymerase
(PAP) to the mRNA where it catalyzes poly(A)
addition. Poly(A) binding protein (PABP) then
binds not only the newly elongated poly(A)
tail, but eIF4G as well. This complex displaces
Maskin from eIF4E, allowing eIF4G, through
eIF3, to position the 40S ribosomal subunit
in the mRNA. These events stimulate the
translation of cyclin B1 mRNA, thereby lead-
ing to MPF activity and entry into M phase.
As cells begin to exit M phase, a phosphatase
inactivates CPEB, which leads to deadenyla-
tion, the loss of PABP, the reassociation of
Maskin with eIF4E, and translational silenc-
ing. Presumably at the same time, the APC
and proteasome destroy cyclin B and the
cells enter S phase.
In addition, another PAP that does not undergo an ap- in metazoan cells in general. While cytoplasmic polyade-
nylation occurs in embryos (Groisman et al., 2000) andparent MPF-catalyzed phosphorylation was recently
identified (Topalian et al., 2001). Thus, these PAPs would neurons (Wu et al., 1998; Huang et al., 2002), there is
little evidence that it occurs elsewhere. However, theostensibly remain active during mitosis.
Fourth, the deadenylation of RNA that lacks a CPE data reported here indicate that the polyadenylation ma-
chinery is present and functional in mammalian somaticappears to occur by default at all stages of the embry-
onic cell cycle just as it does during oocyte maturation cell cytoplasm, particularly at M phase. The degree to
which this polyadenylation is supported by CPEB is un-(Fox and Wickens, 1990; Varnum and Wormington,
1990). The length of the poly(A) tail is presumably under clear since knockout mice that lack the CPEB gene are
viable, although the females are sterile (Tay and Richter,a dynamic equilibrium, which is shifted in the direction
of tail growth at M phase when Aurora phosphorylates 2001). On the other hand, the CPEB described here is
only one member of a family of similar proteins (Mendezand activates CPEB. Hence, deadenylation of CPE-con-
taining RNA occurs only at S phase because that is and Richter, 2001; Mendez et al., 2002) that may direct
polyadenylation more broadly in somatic cells. If thiswhen CPEB is probably dephosphorylated and inacti-
vated. The identity of this putative CPEB phosphatase is the case, then polyadenylation-induced translation
might be a general feature of the eukaryotic cell cycle.is unknown.
The deadenylation activity in the cycling extracts is
Experimental Procedureslikely to be regulated by the poly(A)-specific ribo-
nuclease (known as PARN) first isolated from mamma-
Plasmids, Constructs, and Antibodieslian cells but also shown to be present in Xenopus
DNA expression plasmids harboring the 3 UTRs for cyclins A1 and
(Korner and Wahle, 1997; Korner et al., 1998). While this B2 as well as for B1 RNA containing or lacking the CPEs have been
enzyme is clearly active at all phases of the cell cycle described (Stebbins-Boaz et al., 1996). The wee1 3 UTR was PCR
amplified from a Xenopus cDNA library with primers 5-CCTGGAAA(Figure 1), it deadenylates CPE-containing RNAs most
GAAATGTGGGGC and 5-TACACATTAAAATTTTTATT. CAT reportereffectively during S phase when polyadenylation is inac-
constructs with and without the cyclin B1 3 UTR were used astive. How polyadenylation, or perhaps poly(A) polymer-
described earlier (de Moor and Richter, 1999). The cyclin B1 mRNAase, can overcome PARN activity at M phase remains
open reading frame with and without the 3 UTR was obtained by
to be determined. linearization of a pSK-BS vector containing the Xenopus cyclin B1
Fifth, the ablation of Maskin activity keeps cyclin B1 cDNA (cloned in to the EcoRI and BamHI sites) with BamHI and
BsmI, respectively. RNA was in vitro synthesized with mMessageand MPF levels high and prevents the cell cycle from
mMachine Kit (Ambion) according to the supplier’s instructions.exiting M phase. Therefore, APC, which is activated by
Cyclin B1, CPEB, and Maskin antibodies have been describedMPF (Hunt et al., 1992), would appear to be insufficient
(Groisman et al., 2000).to overcome the replenishment of cyclin B1 by on-going
translation. Thus, APC activity alone cannot stimulate
Cell Cycle Extracts from Activated Xenopus Eggs
cell entry into S phase. Cell cycle extracts from calcium ionophore (A23187)-treated Xeno-
Finally, an important issue is whether regulated cyclin pus eggs (Hinchcliffe and Sluder, 2001) were supplemented with
an ATP-regenerating system and with demembranated sperm DNAB1 mRNA translation influences cell cycle progression
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(Murray, 1991) and in some cases with the following reagents: affin- and used for polyadenylation analysis; some embryos were ana-
lyzed for H1 kinase activity (de Moor and Richter, 1997).ity-purified CPEB antibody (0.2 mg/ml) (Hake and Richter, 1994),
affinity-purified Maskin antibody (0.2 mg/ml) (Stebbins-Boaz et al.,
1999), nonspecific IgG (0.2 mg/ml), CPEB ser174ala mutant protein, MCF7 Cell Synchronization and Polyadenylation
a morpholino-containing Maskin antisense oligonucleotide (5-CAT The human MCF7 breast cancer cell line was cultured in RPMI 1640
CGTTTATGATTTGAAGGCTCAT), or a control morpholino-containing media supplemented with 10% FBS. Cells to be synchronized at S
oligonucleotide (0.2 mM). Finally, some extracts were supplemented phase were incubated 15 hr with 2 mM thymidine-supplemented
with Aurora kinase blocking peptide (VRGSRLDTRPILDSRSSC) or RPMI/10% FBS, followed by 9 hr in RPMI/10% FBS only, and again
a nonspecific peptide (WHWLQLKPGQPMY) (0.2 mM) (Mendez et for 15 hr in the thymidine-containing media. Cells to be synchronized
al., 2000a). The final volume of the added components never ex- at G2/M were incubated in media containing 1 mM nocadazole for
ceeded 20% of the volume of the initial extract. The extracts were 12 hr, while cells to be synchronized at G0 were incubated in RPMI
incubated at room temperature, and aliquots were collected every and 1% FBS for 12 hr. Synchronization was monitored by flow
10 min and either frozen or affixed to slides for analysis of chromatin cytometry of propidium iodide-stained cells. The synchronized cells
morphology by DAPI staining (Murray, 1991). The aliquots were also were washed twice in PBS, scraped from the dishes, and pelleted
analyzed for MPF (H1 kinase activity) (de Moor and Richter, 1997), by slow centrifugation. The cells were resuspended 2x lysis buffer
cyclin (B1, B2, A1), and wee1 accumulation by Western blotting (de (1 ml per 100 mm dish; 16 mM Tis-HCl [pH 8], 2 mM MgCl2, 0.4 mM
Moor and Richter, 1997), and for cyclin (B1, B2, A1) and wee1 RNA DTT) plus protease inhibitors (leupeptin, chymostatin, pepstatin) on
polyadenylation following the addition of 32P-labeled transcript ice and homogenized with a dounce homogenizer. Cell debris was
(Stebbins-Boaz et al., 1996). In some cases, RNA was polyadeny- removed by centrifugation, and polyadenylation assays were per-
lated in vitro with yeast poly(A) polymerase prior to addition to the formed as follows. Extract (10 l) was supplemented with 10 l of
extract. S and M phase extracts were prepared by the addition of solution containing 1 l 0.4 M (NH4)SO4, 1 l 2 mM EDTA, 1 l
aphidicolin (5 g/ml) or E. coli-expressed cyclin B1 90, a nonde- glycerol, 1l polyvinyl alcohol, 1l 20 mM ATP, 1l 400 mM creatine
structable form of this protein (Murray et al., 1989), respectively. phosphate, 1 l 4 g/l E. coli RNA, 1 l RNAguard, 1 l H2O, and
The RNA in other extracts was digested with RNase A and then 1 l 32P-labeled RNA. Following a 1 hr incubation at room tempera-
treated with RNasin as described (Murray and Kirschner, 1989). ture, the RNA was extracted and analyzed on a denaturing polyacryl-
Various concentrations of in vitro synthesized cyclin B1 mRNA con- amide gel.
taining or lacking a CPE-containing 3 UTR were added to these
extracts, which was followed by incubation for 150 min. Cyclin B1 Acknowledgments
accumulation and MPF activity were then assessed as described
above. We thank Raul Mendez for recombinant CPEB, James Maller for
cyclin B1 antibody, Rebecca Hartley for the cyclin A1 and B2 anti-
bodies, Joan Ruderman for Aurora (Eg2) DNA, and Ted HinchcliffeCPEB Phosphorylation and 2D Phospho-Peptide Mapping
for the cycling extract protocol. We also thank Dan McCollum, BillTwo microliters of M phase- or S phase-arrested extract or recombi-
Theurkauf, and Lori Lorenz for useful discussions or comments onnant His-tagged Xenopus Aurora (also known as Eg2) (Andresson
the manuscript. This work was supported by grants from the Na-and Ruderman, 1998) were added to 8 l of H1 kinase buffer (80
tional Institutes of Health.mM sodium -glycerophosphate, 20 mM EGTA, 15 mM MgCl2, 50
mM NaVaO4) with protease inhibitors (10 g/ml each of leupeptin,
Received: October 30, 2001pepstatin, and chemostatin) and used as kinase sources for the
Revised: March 9, 2002phosphorylation of recombinant His-tagged CPEB and its ser174ala
variant. Kinase assay were performed in 50 l of buffer containing
References20 mM Tris-HCl (pH 7.7), 10 mM MgCl2, 50 mM KCl, 1 mM dithiothrei-
tol, and 30 M [-32P]ATP (0.16 mCi/ml) for 30 min in 30C. CPEB
Andresson, T., and Ruderman, J.V. (1998). The kinase Eg2 is a com-and its ser174ala variant were then purified, resolved by SDS-PAGE,
ponent of the Xenopus oocyte progesterone-activated signalingWestern blotted, and digested with trypsin. The resultant phospho-
pathway. EMBO J. 17, 5627–5637.peptides were analyzed by 2D peptide mapping (first dimension,
thin-layer electrophoresis at pH 1.9; second dimension, thin-layer Ballantyne, S., Bilger, A., Astrom, J., Virtanen, A., and Wickens, M.
(1995). Poly(A) polymerases in the nucleus and cytoplasm of frogchromatography in n-butanol 37.5%, pyridine 25%, acetic acid
oocytes: dynamic changes during oocyte maturation and early de-7.5%) followed by phosphorimaging (Mendez et al., 2000a).
velopment. RNA 1, 64–78.
Colgan, D.F., Murthy, K.G., Prives, C., and Manley, J.L. (1996). Cell-In Vitro Synthess of Cyclin B1 Protein
cycle related regulation of poly(A) polymerase by phosphorylation.[35S]methionine was added to 10 l of M phase- and S phase-
Nature 384, 282–285.arrested extract to a final concentration of 0.4 mCi/ml and incubated
Cornelis, S., Bruynooghe, Y., Denecker, G., Van Huffel, S., Tinton,for 30 min in room temperature. Some of the extract was also supple-
S., and Beyaert, R. (2000). Identification and characterization of amented with a proteasome inhibitor (1 mM Mg132 in 10% DMSO,
novel cell cycle-regulated internal ribosome entry site. Mol. Cell 5,5% by volume) or vehicle only. Cyclin B1 was then immunoprecipi-
597–605.tated from the extracts and analyzed by SDS-PAGE and autoradiog-
raphy. de Moor, C.H., and Richter, J.D. (1997). The Mos pathway regulates
cytoplasmic polyadenylation in Xenopus oocytes. Mol. Cell. Biol.
17, 6419–6426.Cat Assays
de Moor, C.H., and Richter, J.D. (1999). Cytoplasmic polyadenylationAliquots (10 l) were taken from cycling extracts at 10 min intervals
elements mediate masking and unmasking of cyclin B1 mRNA.and were supplemented with 1 g/ml CAT reporter mRNAs that
EMBO J. 18, 2294–2303.contained or lacked cyclin B1 3UTR. Following a 45 min incubation
at room temperature, 100 l of the following solution was added to Dickson, K.S., Bilger, A., Ballantyne, S., and Wickens, M.P. (1999).
the aliquots: 200 mM Tris-HCl (pH 8), 10 l acetyl coenzyme A (0.5 The cleavage and polyadenylation specificity factor in Xenopus
mg/ml), and 0.1 Ci 14C-chloramphenicol. This mixture was incu- laevis oocytes is a cytoplasmic factor involved in regulated polyade-
bated for 60 min at 37C, followed by extraction with ethyl acetate nylation. Mol. Cell. Biol. 19, 5707–5717.
and application to a thin-layer chromatography plate (de Moor and Evans, T., Rosenthal, E.T., Youngbloom, J., Distal, D., and Hunt, T.
Richter, 1997). (1983). Cyclin: a protein specified by maternal mRNA in sea urchin
eggs that is destroyed at each cleavage division. Cell 33, 389–396.
Embryo Injections Fan, H., and Penman, S. (1970). Regulation of protein synthesis in
Fertilized eggs were injected with radiolabeled cyclin B1 3 UTR mammalian cells. II. Inhibition of protein synthesis at the level of
initiation during mitosis. J. Mol. Biol. 50, 655–670.and were collected every 10 min thereafter. The RNA was extracted
Translation and the Cell Cycle
483
Murray, A.W., and Kirschner, M.W. (1989). Cyclin synthesis drivesFox, C.A., and Wickens, M. (1990). Poly(A) removal during oocyte
the early embryonic cell cycle. Nature 339, 275–280.maturation: a default reaction selectively prevented by specific se-
quences in the 3 UTR of certain maternal mRNAs. Genes Dev. 4, Murray, A.W., Solomon, M.J., and Kirschner, M.W. (1989). The role
2287–2298. of cyclin synthesis and degradation in the control of maturation
promoting factor activity. Nature 339, 280–286.Fox, C.A., Sheets, M.D., and Wickens, M.P. (1989). Poly(A) addition
during maturation of frog oocytes: distinct nuclear and cytoplasmic Nebreda, A.R., and Ferby, I. (2000). Regulation of the meiotic cell
activities and regulation by the sequence UUUUUAU. Genes Dev. cycle in oocytes. Curr. Opin. Cell Biol. 12, 666–675.
3, 2151–2162. Pyronnet, S., Pradayrol, L., and Sonenberg, N. (2000). A cell cycle-
Gebauer, F., and Richter, J.D. (1995). Cloning and characterization dependent internal ribosome entry site. Mol. Cell 5, 607–616.
of a Xenopus poly(A) polymerase. Mol. Cell. Biol. 15, 3460. Pyronnet, S., Dostie, J., and Sonenberg, N. (2001). Suppression of
cap-dependent translation in mitosis. Genes Dev. 15, 2083–2093.Gingras, A.C., Raught, B., and Sonenberg, N. (1999). eIF4 initiation
factors: effectors of mRNA recruitment to ribosomes and regulators Richter, J.D. (2000). Influence of polyadenylation-induced transla-
of translation. Annu. Rev. Biochem. 68, 913–963. tion on metazoan development and neuronal synaptic plasticity. In
Translational Control of Gene Expression, N. Sonenberg, J.W.B.Groisman, I., Huang, Y.S., Mendez, R., Cao, Q., Theurkauf, W., and
Hershey, M. Mathews, eds. (Cold Spring Harbor, NY: Cold SpringRichter, J.D. (2000). CPEB, maskin, and cyclin B1 mRNA at the
Harbor Laboratory Press), pp. 785–805.mitotic apparatus: implications for local translational control of cell
division. Cell 103, 435–447. Sheets, M.D., Fox, C.A., Hunt, T., Vande Woude, G., and Wickens,
M. (1994). The 3-untranslated regions of c-mos and cyclin mRNAsHake, L.E., and Richter, J.D. (1994). CPEB is a specificity factor
stimulate translation by regulating cytoplasmic polyadenylation.that mediates cytoplasmic polyadenylation during Xenopus oocyte
Genes Dev. 8, 926–938.maturation. Cell 79, 617–627.
Sheets, M.D., Wu, M., and Wickens, M. (1995). Polyadenylation ofHake, L.E., Mendez, R., and Richter, J.D. (1998). Specificity of RNA
c-mos mRNA as a control point in Xenopus meiotic maturation.binding by CPEB: requirement for RNA recognition motifs and a
Nature 374, 511–516.novel zinc finger. Mol. Cell. Biol. 18, 685–693.
Stebbins-Boaz, B., Cao, Q., de Moor, C.H., Mendez, R., and Richter,Hinchcliffe, E.H., and Sluder, G. (2001). Use of Xenopus egg extracts
J.D. (1999). Maskin is a CPEB-associated factor that transientlyfor the study of centrosome reproduction in vitro. Methods Cell Biol.
interacts with elF-4E. Mol. Cell 4, 1017–1027.67, 275–293.
Stebbins-Boaz, B., Hake, L.E., and Richter, J.D. (1996). CPEB con-
Hodgman, R., Tay, J., Mendez, R., and Richter, J.D. (2001). CPEB
trols the cytoplasmic polyadenylation of cyclin, Cdk2 and c-mos
phosphorylation and cytoplasmic polyadenylation are catalyzed by
mRNAs and is necessary for oocyte maturation in Xenopus. EMBO
the kinase IAK1/Eg2 in maturing mouse oocytes. Development 128, J. 15, 2582–2592.
2815–2822.
Swenson, K.I., Farrell, K.M., and Ruderman, J.V. (1986). The clam
Huang, Y.-S., Jung, M.-Y., Sarkissian, M., and Richter, J.D. (2002). embryo protein cyclin A induces entry into M phase and the resump-
N-methyl-D-aspartate receptor signaling results in aurora kinase- tion of meiosis in Xenopus oocytes. Cell 47, 861–870.
catalyzed CPEB phosphorylation and 	-CaMKII mRNA polyadenyla-
Tarun, S.Z., Jr., and Sachs, A.B. (1996). Association of the yeasttion at synapses. EMBO J., in press.
poly(A) tail binding protein with translation initiation factor eIF-4G.
Hunt, T., Luca, F.C., and Ruderman, J.V. (1992). The requirements EMBO J. 15, 7168–7177.
for protein synthesis and degradation, and the control of destruction
Tay, J., and Richter, J.D. (2001). Germ cell differentiation and synap-of cyclins A and B in the meiotic and mitotic cell cycles of the clam
tonemal complex formation are disrupted in CPEB knockout mice.
embryo. J. Cell Biol. 116, 707–724.
Dev. Cell 1, 201–213.
King, R.W., Deshaies, R.J., Peters, J.M., and Kirschner, M.W. (1996). Topalian, S.L., Kaneko, S., Gonzales, M.I., Bond, G.L., Ward, Y., and
How proteolysis drives the cell cycle. Science 274, 1652–1659. Manley, J.L. (2001). Identification and functional characterization of
Korner, C.G., and Wahle, E. (1997). Poly(A) tail shortening by a mam- neo-poly(A) polymerase, an RNA processing enzyme overexpressed
malian poly(A)-specific 3-exoribonuclease. J. Biol. Chem. 272, in human tumors. Mol. Cell. Biol. 21, 5614–5623.
10448–10456. Varnum, S.M., and Wormington, W.M. (1990). Deadenylation of ma-
Korner, C.G., Wormington, M., Muckenthaler, M., Schneider, S., ternal mRNAs during Xenopus oocyte maturation does not require
specific cis-sequences: a default mechanism for translational con-Dehlin, E., and Wahle, E. (1998). The deadenylating nuclease (DAN)
trol. Genes Dev. 4, 2278–2286.is involved in poly(A) tail removal during the meiotic maturation of
Xenopus oocytes. EMBO J. 17, 5427–5437. Wakiyama, M., Imataka, H., and Sonenberg, N. (2000). Interaction
of eIF4G with poly(A)-binding protein stimulates translation and isMarcotrigiano, J., Gingras, A.C., Sonenberg, N., and Burley, S.K.
critical for Xenopus oocyte maturation. Curr. Biol. 10, 1147–1150.(1999). Cap-dependent translation initiation in eukaryotes is regu-
lated by a molecular mimic of eIF4G. Mol. Cell 3, 707–716. Wickens, M., Goodwin, E.B., Kimble, J., Strickland, S., and Hentze,
M. (2000). Translational control of developmental decisions. InMcGrew, L.L., Dworkin-Rastl, E., Dworkin, M.B., and Richter, J.D.
Translational Control of Gene Expression, N. Sonenberg, J.W.B.(1989). Poly(A) elongation during Xenopus oocyte maturation is re-
Hershey, and M. Mathews, eds. (Cold Spring Harbor, NY: Coldquired for translational recruitment and is mediated by a short se-
Spring Harbor Laboratory Press), pp. 295–370.quence element. Genes Dev. 3, 803–815.
Wu, L., Wells, D., Tay, J., Mendis, D., Abbott, M.A., Barnitt, A.,Mendez, R., and Richter, J.D. (2001). Translational control by CPEB:
Quinlan, E., Heynen, A., Fallon, J.R., and Richter, J.D. (1998). CPEB-a means to the end. Nat. Rev. Mol. Cell. Biol. 2, 521–529.
mediated cytoplasmic polyadenylation and the regulation of experi-
Mendez, R., Hake, L.E., Andresson, T., Littlepage, L.E., Ruderman, ence-dependent translation of alpha-CaMKII mRNA at synapses.
J.V., and Richter, J.D. (2000a). Phosphorylation of CPE binding fac- Neuron 21, 1129–1139.
tor by Eg2 regulates translation of c-mos mRNA. Nature 404,
Zhao, W., and Manley, J.L. (1996). Complex alternative RNA pro-302–307.
cessing generates an unexpected diversity of poly(A) polymerase
Mendez, R., Murthy, K.G., Ryan, K., Manley, J.L., and Richter, J.D. isoforms. Mol. Cell. Biol. 16, 2378–2386.
(2000b). Phosphorylation of CPEB by Eg2 mediates the recruitment
of CPSF into an active cytoplasmic polyadenylation complex. Mol.
Cell 6, 1253–1259.
Mendez, R., Barnard, D., and Richter, J.D. (2002). Differential mRNA
translation and meiotic progression require cdc2-mediated CPEB
destruction. EMBO J. 21, 1833–1844.
Murray, A.W. (1991). Cell cycle extracts. Methods Cell Biol. 36,
581–605.
